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ABSTRACT

It is WCII known that high-precision GPS navigation
clcgracle.s {iuring  CiPS eclipse scascms. We have determined
that a major source of this dcgraciaticm is the mismodcling
of tbc yaw a[tituclc of those CI1’S  satellites that are in
cclipsillg  orbits. The yaw attitude of CIPS  satellites is
essentially random during an eclipse and for up to 30
minutes past exiting from shadow. l~urthermore,
commonly USCCI nmlcls  of the noon turn can bc inaccurate
for a period of up to 30 minutes. This leads to both

measutcment  and dynanlic  errors. I]rrors  in the radio
metric measurements at c introduced ciuc to misrnodcling of
the cal ricr pbasc wild-up  and the position of the G1’S
antenno phase center \vith respect to tbc spacecraf(  center
of gral it y. This mcasut-ernent  error can be larger than 1()
centimeters. Iirmrs in (I1c satellite dynamics arc introduced
because the direction of the solar pressure force is
misrnodeled during the 30-n~inute  rccovcry period after
exit ing the shadow and during the noon turn,

WC plcsent  an analysis  of the effects of attitucic
misrnodeling  on prccisc positioning with (3PS. A remedy
was proposed for the GPS altitude control subsystcm  that
will m[ike yaw attitude modclable. In June 1994, the US
Air Fc)rce has irnplcnlcntcd  the proposed modification to
the attitude control subsys{em. Dctai]s of the new model
for the (3PS satellite attitude during shadow events and
noon turns  are  plescntcd  as WCII as the ncccssary
modifications to navigation software packages. Iiarly
results using (lPS under the ncw attitude control systcm
arc also presented.

ItVII)lcNCIl  OF A I) ROB1.EM

It has I)ccn evident for quite some time that the accuracy
of orl, it determination of CiPS satellites degrades
signifi(’ant]y dur’ing,  ec]ipsc seasons (Schutz et. al. 1990,
l:]iege]  & Gallini ] 992). one of the most uscfu]  measures
of orbit solution quality is the difference between two
overlapping orbits. I)aily  G1’S orbits arc produced
routinrly at JPI. such that a (i-hour ovcr]ap exists bctwccn
consecutive days. l~igurc 1 shows clearly a significant
inlprolement  in overlap difference when no CIPS satellites
arc eclipsing. Any plccisc  application of the (3PS also
suffers degradation as, for example, the positioning of the
Topex/Poseidon satclli[c (Ilcrligcr  CI. al. 1995). A 10-day
(1 cycle) average of I’opcx orbit overlaps (I~igure  2) also
shows a significant improvement when all the GPS
satellites are in the clear.

A closer look at an eclipsing satellite is required to reveal
more about the nature of the problem. IJigure  3 is a plot
of the post-fit resiciuals  of SVN 24 with 14 receivers
observing its signal. 1.arge  outlying residuals are seen to
bc strongly correlated with the events of the satellite
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Figure 1. Average daily overlap of the J]’]. routine
solution for G1’S (the l;linn process).
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Figure 2. 1 ()-day averages of Topex mbit overlaps.

going into shaclow.  This correlation is not as strong for
every eclipsing satellite as can bc inferred from Figure 4
which shows tbc post-fit residuals of SVN 17 with all
observing receivers.

Speculations as to the nature and origin of the problem
abound, most notably, those suggested by Fliegel (1992).
In that paper Iilicgcl mentions that the Cil’S satellite
performs its midnight turn AI~T1l~ shadow exit. This
statement motivated the work reported  here, To our
knowledge, all existing models for the GPS satellites
perform the “midnight turn” at midnight, that is, at the
middle of the shadow period. Mistiming the midnight turn
is a gross mm and it raises the following questions: 1s it
really true that the midnight turn is performed after
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Fip,ure.  3. Post-fit residuals of the eclipsing CiPS 24 with
all observing rcceivcrs. July 12, 1993.
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}Jigure4. Post-fit residuals of theeclipsingCil’S  17 with
allobscrving  rcccivers. July 11, 1993.

sh:idow exit, if so, why, ancl how can it be modclecl
correct I y?

In order to answer these qwxtions  wc needed some satellite

telemetry. This was supplied to LIS courtesy of the US Air
I;orce, 2SOPS  at l;alcon AI:B. I;igurc  5 depicts the yaw
mometltum  of the eclipsing SVN 31 as it goes in anti out
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lligure 5. Yaw nmnlcntL]nl  telemetered from CiPS 31
during shadow crossing on November 2, 1993.
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l:igure 6. Yaw nlomentum  telemetered from GPS 24
during shadow crossing on July 9, 1993.

of shadow. As evident from the figure this satellite yaws
at a small rate during shaclow anti tilen at full rate until it
reaches its nominai  attitu(ie. Anoti~er  eclipsing sateliite,
SVN 24 (l;igurc 6), yaws at fuii rate from shadow entry
until about 20 n~inutcs after sha{iow exit. Otiler telen~etry
data have si~own CiPS satellites bei~avior  that spans the
spectrun~ fron~ fuil yaw rate in one direction throughout
sha(iow crossing, to reversing yaw rate direction during
sbaciow, (o periodic freezing and yawing at various rates.
in short, the attitude of the G1’S satellites during sha(iow

was observeci  to bc essentially random ancl hence
unmociclabie.

TIIE PROBI,EM

An anaiysis of the Attitude Control System (ACS) on the
Block II CiPS satcliitc rcvcais the reason for the random
behavior during shadow. ‘l’he ACS determines the yaw
attitucif of the satellite by using a pair of solar sensors set
on the solar panels. As long as the Sun is visible, the
signal from the so]al- scnsom is a true representation of the
yaw et ror. During sha(iow, in the absence of tile Sun, the
output from the sensors is essentially zero and the ACX is
driven in an open loop nlo(ie by the noise in the system.
It turns out that even a small amount of noise can be
enougli to trigger a yaw maneuver at maximum rate.

The randomness of the yaw attitucic of CIPS  satellites
during shadow reduces the quaiity of a high precision
navigation solution since it implies two major modeling
errors - ciynamic anti kinematic. I)ynamicaliy,  the solar
pressule  and beat ra(iiation forces on the satellite are
mimodeled,  both in ll~agnitrrcie and direction, since they
depen(l strongiy on the satellite’s attitude. ]ndeecl, the
stronger solar pressure force is active only outside shadow
but then, for as iong as 30 minutes, the satellite is
maneuvering to repain its nominal attitude in an
unmo(ielable  way (sinm we don’t know its attitude upon
shadow exit). Kincmatically,  the mismodeling  of the
raciiometric  rncasurclncnt is two-fold. Because the CJPS
satellite’s antenna phase center is about 20 cm off the
satellite’s rotation axis its mismodcling can give rise to a
ranging error of up to 10 cnl for some receivers (see
Figure  7). The other kinematic effect is the mismodeling
of the wind-up effect, I’he phase wind-up is a little-known
but important element in tim rnocieling  of the radiometric
measul  ement. It reiates to the relative orientation of a
transmitter-receiver pair. In a nutshci], since the GPS
signal is right- i)and-circul:ir]  y-poiarized, any rotation of
the transmitter will bc interpreted by a phase-tracking
rcceivcr as a phase change. ~’hos, without proper mocieling
a change in range will be concluded. I;rrors  of this nature
are proportional to the carrier wave length and the number
of untllodeled rotatiotls  of the transmitter. Ijor a more
cietaiicd description of the wind-up effect refer to Wu et. al.
(1 993). I.uckily, this win(i-up rnisnlodcling cancels out
when double diffcrencing  is perfonncd since two receivers
observing the satnc G1’S satciiite  wiii sense the sanle
phase shift upon rotation of the sateliitc. It is nlainly the
phase-center n~isnmdrling  that is rnanifestcd  in Figure 3.
But it is the combination of the ciynan~ic and kinenlatic
n]isnmdeling  ti~at is responsible for the overall reciuction
in solution quaiity.

The rnisrnodeling during ti~c shadow crossing and recovery
perioci is nlost damaging for precise orbit detcrnlination
because it can last up to 90 minutes - n~ore than 10% of
the orbit period, Another con~tnon n~isnlodeling, although
less severe, is taking place at the other side of the orbit,
during the “noon totn”. Most n~odels do not rcaiize the
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Observer
l~igute  7. 10 cm range crrwr  can bc obsrnwcd by a receiver
15° off the transmitter boresight  (e.g. Topcx)  as a result of
a 40 cn] lateral error in nlocleling the transtnitter  phase
center.

p}lysical limit on the satellite’s yaw rate and yaw the
satellite at the arbitrarily high r:itcs that are required to
keep its nonlinal  orientation. In reality the satellite
reaches its yaw rate-litnit about 5° fronl orbit noon. This
will extend tbc duration of the noon turn for up to 30
nlinutcs, Naturally, this problcnl appears only for beta
(prinw) angles snmller t}lan 5° and it grows in significance
as the beta angle approaches zero. (The beta an~le is
defined as 90° nlinus the angle between the s/c angular
n~on~cntunl vector  and the Sun-l iarth line.)

T}IIC ltllM1tI)Y

1’o n~ake the yaw attitude of the G1’S satellites n~odelable,
it was suggested by J, Ansclnli  that the ACX be biased by
a sn~all but fixed an~ount.  The ACX has provisions to
allow such a bias. Biasing the ACX tneans that the Sun
sensor’s signal is superposed with another signal (the bias)
equivalent to an observed yaw error of 0.5° (the snlallcst
bias possible). As a result, during periods when the Sun is
observed, the satellite yaw attitude will be about 0.5° in
error with respect to the non~inal  orientation - a negligible
error. Iluring shaciow,  this bias doniiaatcs  the open loop
noise and will Yiiw tbc satellite at full rate in a known
direction. lJpon shadow exit, the yaw at[itude of the
satellite can then bc calculated and the Sun recovery
rnancuvcr upon shaclow exit can also be rnodcled.

The LJS Air l;orcc in~plernentcd this suggestion on June
6, 1994. ]t went into effect on all B]ock 11 satellites
(except for SVNS 14, 18 and 20). It also turned out that
three satellites (SVNS 13,23 and 2.4) have already bad 0.5°
yaw bias for unrelated reasons, The sign of the bias is
changed by ground conlrnand  twice a year such that it is
opposite the s i g n  o f the satel l i te’s  beta
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Figrrrc 8. Ideal (no]ninal) yaw attitude vs. actual yaw. No
ya-w rtversal upon shaflow exit
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F;igure 9. ldcal  (nornina])  yaw attitude vs. actual yaw.
Yaw reversal upon shadow exit.

(prirlw)  angle. This was found to shorten the Sun recovery
time upon shadow exit.

N~\~  yA~~.A”l’rJ’]’I’[J])E  BIilIAvIOJl  AND
RI O1)EI.S

A satellite v’ith a bitiscd A(X  behaves as follows. Upon
sha(iow entry it rcvcrscs it natural yaw direction (because
of tile sign of the bias) and spins up to its nlaxirnal yaw
rate. Upon shadow exit the satellite pcrforrns  the optimal



nlancuvcr necessary to recover its nolniual orientation.
This rncans that it either nlaintains its spin rate (Figure 8)
or reverses its spin rate (I;igure 9), whichever is quicker [O
achieve its nonlinal  attitude. This behavior can be easily
nmctelcd.

We have developed two nmtcls  for the yaw attitude. of a
CiPS satellite. One is crude and fast and tbc other one is
nlore precise but rather slow. The results in this paper
where obtained using the precise n~odel but all indications
are that the cruclc nlodel is sufficiently accurate.

The crude n~ocle] has two parameters: the nlaxinla! yaw
rate of the satellite and tbc nlaxinlal  yaw rate rate, that is,
the spin-up rate. The logic is as follows. Upon shadow
entry the, satellite reverses its yaw and spins-up as fast as
possible sul>jcct to the constraining paran~eters  above.
Outsidc  shadow the satellite yaws to n~ininlize  the
difference bctwccn  the actual yaw angle and the non~inal
(dcsirecl) yaw angle as fast as possible, subject to the
constraining paranlcters a b o v e .  T h i s  n~odel is
inlplclncnted as a finite difference schenle where the yaw
rate and yaw-rate rate are represented by backward
differences. The scbctnc is very stable and there are no
practical lin~its on the step size. This nlodcl is accurate
enough for representing the satellite’s yaw :ittitude during
shadow crossing but it is lCSS accurate outside shadow and
especially around the noon turn because the yaw bias is
not present in this n~odel  explicitly. (A fixeci yaw bias
causes a varying yaw error depending on the relative
gconletry  of the Sun, the satellite and the satellite’s orbit.
The actual yaw error will grow as the satellite. approaches
the 11001) tllrn).

LEAD-LAG

TCI handle accurately the yaw attitude outside shadow, the
noc)n  turn in particular, as well as inside shadow, we
develo])cd a model that is a sinlulation of the satellite’s
ACS. A block diagraln of the nmlel  is shown in Figure
10. To n~aintain nulnetical stability this model requires a
snlall step size.

I’he illlplel~lcnt:itiO1~  of’ both these n~odels as FORTRAN
subroutines, as well as a host of other utilities to deal
with tile yaw at[ituclc of GI’S  satellites are available to the
public. They reside in clit-cctory pub/GPS_yaw_attitude on
internct  node 128.149.70.41 where they arc accessible
through anonynmus  F 1’1’.

one ptoblenl Ienlains thOLlgh. ]t t u r n s  oLlt  t h a t  n o  s e t  o f
rate paranlcters fits all satellites. }~urt}~ern~orc,  the value of
the. nlaxinlal  yaw rate can change for a given satellite fron~
one sbidow crossing to tbc next ancl fron~  shadow crossing
to noon turn. The reason for that is that the angular
nmnlentun~ stored in the reaction wheels upon shadow
entry or at any other point in titne cannot be predicted
with sufficient accuracy. It depends on the instantaneous
moments applied on the satellite as well as their history
and is also dependent on n~onlentunl dunlping that is
takinF place occasionally. Also, every satellite has a
differunt  yaw nlon~ent of inertia which changes slowly in
time as the tnass properties of the satellite change.
Unavoidable errors in n~odeling  the yaw attitude and the
shadow boundaries contribute additional uncertainty. As a
result, for precise applications, there is a need to estinlate
the nlaxinlal  yaw rate for each shadow event and for each
noon turn. lndccd, variations of up to 30% were obscrvecl

TORQUE MOMENTUM

1- IACTUAL
YAW SENSOR OUTPUT + YAW

voGElwEl- :285039452sinwsi’’0siny +9
?

v is the yaw error I
(1 is the yaw sensor slant angle IDEAL
y is the Earth - Probe- Sun angle YAW

Figure 10. Block diagratn of the prccisc yaw attitude tnodel which is a sitnulation of the on-board systenl. IZZ is the yaw
n~oment of inertia of the relevant satellite.



w
m t ‘ ‘ ~~ ‘“”-  ““”””’--  ‘“””  ““””  “ ““ ““” ‘“””  ‘“””  ‘“””””

ii‘“ [’=[----””--’-’--”’-””””-----””””””-w MEAN YAW RATE = 0.104 DEGI’SEC
~ 0.06000 .’” ““”  ““ .:::’..
(7

STD = 0.005

: MAX = 0.122 DEGISEC  MIN = 0.089 DEG/SEC 1
0.04000 ““::.  ““ ““:” ‘.:::..:.  ~~ ~~ -’-----  .-. ”. ~~ . ~~ -:. -

t
+
I

0.02000 +

I

o.fJoo  -~–-t-+—--t---i
300 400 500 600 700 800

HOURS

l~igure 11. llstin~atcd yaw rates together with their forn~al
errors  for SVN 37 during October 1994, The points with
the large error bars correspond to noon turns. nlaxinlal
yaw rate during nom tLlrns  is acbicvecl  and solved-for only
for about 15 clays when tbc beta angle is less than 5°.

in the cslinlated values of the nlaxinla]  yaw rate (I;igure
11). This estitnation  requires high quality data in
sufficient quaatity. If this is not available thel~ the
following nutnbers  should be used: for Block 11 satellites -
0.1 I 3 degrees/second, for Block 11A satellites - 0.103
degrees/seconci.

The estimation problenl is further conlplicatcd  by the
apparent non-linear depcnclencc  of the. satellite’s attitude on
the yaw rate, Tbcrc is always a yaw rate value such that if
the satellite yaws faster, a yaw rate reversal will occur
upon shadow exit and if the satellite yaws slower a yaw
rate re.vcrsal will not occur. It] the vicinity of such a value
a stnall estimation error will result jn large nlodcling
errors. One way to ovcrconlc this probletn  is to reject data
fronl shadow exit until 30 nlinutcs  thereafter - the
anlbiguous period. Other techniques exist, like iterating
on the solution or preprocessing the data to determine the
djrcclion of the yaw rate after shadow exit,

At this point in tinlc the ncw atlitude  nmfel  can bc
appl ied only toward correct ing the kinenlatic
misn~ocicling.  To correct the dynanlic mismodeling,  the
new nmdcl has to bc coupled with a new solar pressure
model,  onc which allows non-nominal spacecraft
orientation. This is currently under developnlent.  The
following results were obtained with the attitude model
used only to inlprovc  the kinenlatic  nmcieling of the
ra(iicmctric  tncasurctnents.  The dynalnic  part still contains
a nmdcling  error.
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};igul-c 12. Post-fit residuals of the eclipsing GPS 24 with
all ob~ervirrg lcceivcrs. h’cw yaw attitude tnodel is on and
yaw rates are solved-for. July 12, 1993.
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l;igule 13. Weekly a~’era:,es of post-fit residuals. June ]9 -
2s, 1994.

It is not easy to de.nl(msttatc jnlprovetuent in precise orbit
dcttv n~ination as :i lesult of the changes to the GPS ACS.
The reason is that the two states of the systenl cannot
exist simultaneously and thus cannot be directly
con~parecl. Still, confidence in the new systenl and the
acconlpanying  tnode.ls can be built through a series of
cxperin~ents focusing on Iong-tertn  trends as well as on
sonw special cases. Onc such special case is SVN 24. The
ACS on this satellite was biased at least a year prior to
June 6, 1994. I;igure S demonstrates the conseqL]cnccs  of
ignoring  t h e  act Llal  a t t i t u d e  o f  t h e  s a t e l l i t e  a n d
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IJigyrc  15. Cil’S daily overlaps with and without the new
yaw model.

(nlis)nloclcling  the midnight turn as though it takes place
at “nlidnight”. Oncc the new model  is applied to this
satellite, the post-fit tesiduals  inlprove dranlatically  ancl
the correlation bctwccn post-fit resiciuais  and shadow
events disappears (Figure 12). In addition to post-fit
residuals, in~provcnlcnt was observed in just about every
nleasure of solution quality - in this case, in the Topex
orbit solution, ground stations solution, wet zenith delay
etc.

.Anothcr  experin~cnt is to nlodcl the GPS constellation
after Jllne 6 1994 with and without the new attitude nlodel
and conlpare the resulls. l~igutes  13 - 16 detail the results
of SUCII an expcrinlent, con(iucted  over the week of June
19-25 with the J1’1, I;linn process (Zun~bcrge  & Bertiger
1995). During that wrx+ there were 4 satellites in eclipse.

Natur[l]ly, the so]ution accuracy of (he eclipsing Sate]]ite
inlproves  nlore. ti]an that of the non-eclipsing satellite but,
nevertheless, tile inlprovcmcnt  is universal. lnlprovcnlcnts
arc observed every day of the week (l:igure 15) and also in
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];igurc 17. G1’S weekly overlaps fronl the Flinn process, 1993-1994.
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l~inally. we con~pare  trends in solution quality before and Accuracy”, Senior liditors: B. W. Parkinson, J. J. Spilker,

after the biasing of the ACS. l?igure  17 shows the weekly Jr.; }kiitors:  P. Axclrad, 1’. I;nge, in press.
averages of the Cil’S overlaps in the JP1. }~linn process
over the last two years. Weeks in which no satellites were
eclipsing are surrounded by small frames. l’rior  to June 6,
1994 (GPS week 752) those non-eclipsirrg  weeks  can be
seen as a local mininla (sonle unrelated inlprovcnlents in
solution strategy occasionally bring down the overlap to a

level of a non-eclipsing period). Scc also I~iSure 1, A clear
exception is the last non-eclipsing period (GPS weeks 764
- 766). lnltnediatcly  aficr it wc implcnlented  the new
attitude nlodcls  and the trend of overlap degradation stops,
as can be seen fron~ the next 3 weeks (when another
inlprovcnlent  to the Iilinn solut ion s t rategy was
implementeci).

As a result of the SLJCCCSS  of the new attitude model the
JP1. l;linn  process  is  rout inely  producing tables
containing the solved-for yaw rate values for each
ecliJ~sing satellite and for each n~idnigbt  ancl noon turn.
These tables are publicly available, together with precise
GPS orbits, on interact node siclcshow (1 28. 149.70.41)
under directory pub/jpligsac.
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